To date, in the human seminiferous epithelium, only six associations of cell types have been distinguished, subdividing the epithelial cycle into six stages of very different duration. This hampers comparisons between studies on human and laboratory animals in which the cycle is usually subdivided into 12 stages. We now propose a new stage classification on basis of acrosomal development made visible by immunohistochemistry (IHC) for (pro)acrosin. IHC for acrosin gives results that are comparable to periodic acid Schiff staining. In the human too, we now distinguish 12 stages that differ from each other in duration by a factor of two at most. B spermatogonia are first apparent in stage I, preleptotene spermatocytes are formed in stage V, leptonema starts in stage VII, and spermiation takes place at the end of stage VI. A similar timing was previously observed in several monkeys. Stage identification by way of IHC for acrosin appeared possible for tissue fixed in formalin, Bouin fixative, diluted Bouin fixative, Cleland fluid, and modified Davidson fixative, indicating a wide applicability. In addition, it is also possible to distinguish the 12 stages in glutaraldehyde/osmiumtetroxide fixed/plastic embedded testis material without IHC for acrosin. The new stage classification will greatly facilitate research on human spermatogenesis and enable a much better comparison with results from work on experimental animals than hitherto possible. In addition, it will enable a highly focused approach to evaluate spermatogenic impairments, such as germ cell maturation arrests or defects, and to study details of germ cell differentiation.
INTRODUCTION
Mammalian spermatogenesis is a strictly organized process in both time and space. At the beginning of the spermatogenic process, spermatogonial stem cells produce cells that go through amplifying divisions, become differentiating spermatogonia, and then form spermatocytes that ultimately develop into spermatozoa that leave the epithelium through the spermiation process. Differentiating spermatogonia are produced at regular intervals, and in the human this is every 16 days [1] . Since in the human the whole spermatogenic process takes about 72 days, it follows that in each area of the seminiferous epithelium, more generations of germ cell are present simultaneously. As the timing of the developmental steps of the various successive spermatogenic cell types is always similar, the same associations of cell types can always be seen together. During the interval in between the formation of differentiating spermatogonia, the epithelium successively shows all cell associations and then returns to the starting composition. This is called the cycle of the seminiferous epithelium, and the typical cell associations are called stages [2] [3] [4] [5] . The duration of the cycle differs for each species and is 16 days in the human and 8.6 days in the mouse [1, 6] . The cycle of the seminiferous epithelium and its stages have been described for many mammalian species. Often, 12 stages are distinguished, as in mouse, Chinese hamster, ram, and various monkeys [7] [8] [9] [10] [11] [12] .
As the types of germ cells in each particular stage are always the same, it is possible to determine the epithelial stage of a specific area by evaluating the developmental step of only one of the generations of germ cells present. Most often, the stages of the seminiferous epithelium have been characterized using the morphological development of the acrosome in spermatids [13] . In mammals the development of the acrosome consists of four distinct phases: Golgi, cap, acrosomal, and maturation [14] . In the Golgi phase, proacrosomic granules are formed from the trans-Golgi network. These granules accumulate in the medullary region of the Golgi and fuse with each other to form a single large acrosomic granule that establishes close contact with the nuclear envelope. In the cap phase, the spherical acrosomic granule enlarges, merging with additional vesicles from the Golgi apparatus. During this step, the acrosome is no longer spherical but flattens and spreads over the surface of the nucleus. In the acrosome phase, the nucleus starts to elongate, and the acrosome follows this modification, ultimately covering two-thirds of the nuclear surface. Finally, during the maturation phase, the acrosome develops its species-specific shape and size. Based on more subtle morphological changes during spermatid development, the four phases can be further subdivided into several steps, defined as the steps of spermiogenesis. It is important to note that the classical subdivision of the biogenesis of the acrosome is based on PAS stained, paraffin-embedded histological sections, counterstained with hematoxylin. This staining procedure has allowed to identify 14 epithelial stages in the rat [15] and 12 in the mouse, Chinese hamster, ram, and monkey species [2, [7] [8] [9] 12] .
Unfortunately, for human testis sections the PAS staining technique does not give satisfactory results and does not allow a clear characterization of the acrosomal apparatus [16] . Therefore, as yet no subdivision of the epithelial cycle in human according to steps in acrosome development has been established. Instead, in human a classification of germ cell associations has been accomplished mainly through the characterization of nuclear morphology of haploid germ cells. Using this approach, six stages can be characterized [16] .
Since in humans much fewer epithelial stages can be distinguished than in other mammals, it is difficult to relate findings on spermatogenesis in humans to those in other mammals. In addition, on average the duration of the six human epithelial stages is very long, and this hampers more detailed studies on germ cell development. Consequently, Amann [17] concluded that for the human, ''new cellular associations should be defined, with none representing more than 15% of the cycle of the seminiferous epithelium.'' In the present study, we have attempted to do so by performing a detailed analysis of the development of the acrosomal complex made visible by immunohistochemical detection of the acrosomal protein acrosin using paraffin-and plastic-embedded human testis samples. Indeed, this procedure enabled us to subdivide the human epithelial cycle in 12 stages comparable to those described for the mouse, Chinese hamster, ram, and various monkeys. The new stage classification will greatly facilitate studies on human spermatogenesis. In clinical andrology, the new classification will be useful to better classify spermatogenic arrests and defects.
MATERIALS AND METHODS

Tissues
Surgical samples were obtained from heart beating organ donors at the hospital Policlinico Umberto I at the Sapienza University of Rome. The use of human material was approved by the Ethical Committee of the hospital Policlinico Umberto I, according to national guidelines for organ donation as issued by the Italian Ministry of Public Health. For each sample the free and informed consent of the family concerned was obtained. Testicular biopsies were taken within the multiorgan harvesting surgical procedure, which includes perfusion through the aorta of the abdominal organs as well as simultaneous drainage of the perfusion fluid (celsior solution) [18] . Testicular biopsy collection occurred within 10 min from the beginning of perfusion, thus preventing possible ischemic damages. Therefore, we do not expect any significant tissue degeneration to have taken place in the donor testes.
Samples were obtained from seven Caucasian donors (mean age 42.4 yr, range 19-75 yr). In order to have representative samples from each donor, biopsies from different parts of the testis were collected. Biopsies were routinely fixed in 10% buffered formalin solution or in Bouin fixative and embedded in paraffin. Some samples were fixed in Cleland fixative [19] , modified Davidson fluid [20] , or formalin and postfixed in diluted Bouin fixative [21] . Smaller pieces (1-2 mm in thickness) were fixed by immersion in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), postfixed in 1% OsO 4 , dehydrated in ethanol, and embedded in epoxy resin. All samples showed normal spermatogenesis with both tubular and interstitial compartments well preserved and represented. No signs of inflammation or fibrosis were observed.
To enable comparisons between human and mouse spermatogenesis, mouse testes were obtained from adult C57Bl/6 mice. Animals were housed in a standard animal facility with free access to food and water in accordance with the guidelines for animal care at the Sapienza University of Rome. The experiments and procedures were approved by the Animal Care and Use Committee of the the Italian Ministry of Public Health. The testes were fixed in 10% buffered formalin or in Bouin fixative, embedded in paraffin, and studied after PAS and hematoxylin staining or were analyzed after immunohistochemical staining.
Immunohistochemistry
Immunohistochemistry (IHC) was performed as described previously [22] . Briefly, 3-5-lm-thick paraffin sections from human and mouse testis samples were serially collected and mounted on polylysine-coated slides. Dewaxed and rehydrated sections were incubated in 10 mM citrate buffer (pH 6.0) in a microwave oven for antigen retrieval at 750 W three times for 5 min. After quenching of endogenous peroxidase and blocking of nonspecific binding with Super-Block (UltraTek HRP Anti-Polyvalent kit, ScyTek Laboratories), sections were incubated for 1 h at room temperature (RT) with 1:10 000 diluted primary monoclonal anti-acrosin antibody (Acr-C5F10, Biosonda Biotechnology). After washing, sections were processed using the avidinbiotin peroxidase complex (ABC) procedure, according to the manufacturer's instructions (UltraTek HRP Anti-Polyvalent kit, ScyTek Laboratories). Negative control experiments were performed using mouse IgG isotype or by omitting the primary antibody. Peroxidase activity was revealed using 3,3-diaminobenzidine tetrahydrochloride (Roche), and nuclei were shortly counterstained with Mayer hematoxylin (Sigma-Aldrich). After washing, sections were dehydrated through the ascending ethanol series, permanently mounted in DPX Mountant for histology (BDH) and studied by light microscopy (Zeiss, Axioskop 2 Plus) at low (203 and 403) and high (633) magnification with immersion oil.
Criteria for Seminiferous Epithelial Stage Analysis and Counting
Working with human testis samples does bring along some difficulties. First, the most striking feature is that in contrast to most mammals, there are more than one epithelial stage in each tubule cross section, as it can also be observed in several monkey species [23] . While in other mammals the epithelial stage can be determined by examination of a great many round spermatids in each tubule cross section, in the human this number is restricted. In addition, as part of the acrosome can be in adjacent sections, multiple spermatids have to be studied to establish the epithelial stage of a particular tubule area. Second, the architecture of the human seminiferous epithelium is easily disturbed when samples are handled. Any pressure applied to the tissue will cause spermatocytes and especially round and elongating spermatids to slough off from the epithelium and drift away to other places along the tubule lumen.
In order to evaluate germ cell associations, only seminiferous tubules showing a well-preserved seminiferous epithelium were studied. To this end, each tubule section was first inspected at a lower power of magnification. The tubule section could be either cross or longitudinal but should have a wellevident lumen and no apparent damage to the epithelium and the peritubular wall. In addition, all the different generations of germ cells had to be present. Incomplete or atypical germ cell associations, due to the merging in the same epithelial area of germ cells belonging to different adjacent stages, as already described by Clermont [16] , were never included in the analysis. When the tubule was of good quality, the step of acrosome development was established of each group of at least six spermatids present in the tubule section at a higher power of magnification. To evaluate the frequencies of newly described stages, the same restrictive criteria were followed, and for each testis sample at least 500 stages were scored from two or more sections deriving from different parts of the testis (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). The observations were carried out mainly by one observer (B.M.), but randomly the stage determinations were checked by another observer (M.S. or D.G. de R.).
RESULTS
Development of the Acrosome in Human Spermatids
In a first attempt to study acrosome development, we performed PAS staining on paraffin-embedded samples. However, PAS staining did not give satisfactory results due to large amounts of staining material in the cells of the human seminiferous epithelium (data not shown) [16] .
As an alternative approach, acrosome biogenesis was investigated with the help of IHC using a monoclonal antibody against acrosin on formalin-fixed, paraffin-embedded samples. To validate the pattern of acrosin immunostaining in comparison to PAS staining, we first analyzed adjacent sections of mouse testes, staining one section with the PAS technique and the other for acrosin performing IHC. The MUCIACCIA ET AL.
pattern of acrosin immunostaining closely paralleled PAS staining (Supplemental Fig. S1 ).
We next performed antiacrosin IHC on human testis sections. The development of the acrosome in the human resembles that in the mouse, and, as in the mouse, we have characterized 12 steps (Fig. 1A ). Spermiogenesis starts with step 1 spermatids, in which acrosomal vesicles cannot be visualized. In step 2, two or more small vesicles staining for acrosin are apparent that subsequently fuse to form one larger round vesicle in step 3 spermatids. In step 4, the acrosome vesicle gets bigger and starts to flatten over the nucleus. In step 5, the vesicle becomes flattened on the side facing the nucleus while it is still dome shaped at the opposite side. In favorable sections, the step 5 vesicle appears faintly stained with an intensely stained central granule close to the inner acrosome membrane facing the nuclear membrane. In stage 6, the acrosomal vesicle rim spreads and bends to follow the nuclear surface of the round spermatids to cover maximally one-third of the nuclear surface, forming a proper cap. During step 7, the acrosomal cap covers more than a third of the spermatid nuclear surface. The majority of the round spermatids has not yet orientated toward the basal lamina of the tubule. In step 8, the acrosome cap reaches its maximal lateral spreading, and most of the round spermatids become oriented toward the basal lamina. In addition, the nucleus gets an eccentric location in the cytoplasm and localizes to a position adjacent to the cell membrane.
Step 9 starts when the round spermatids of stage VIII begin to elongate and the nuclei are no longer round. The acrosome gets deeply stained for acrosin and appears to be oval in all section planes. During step 10, the spermatid nucleus continues to elongate and becomes bilaterally flattened with a pointed shape. In step 11, the spermatid nuclear condensation becomes very conspicuous, bringing about a profound morphological rearrangement. The acrosome cap forms the front covering of the spoonlike head, and elongation becomes more extreme. At more advanced steps, human spermatids only faintly stained for the acrosin antibody. Therefore, we used the concomitant presence of meiotic cells undergoing division to identify step 12 spermatids. Although the same antibody was able to detect the acrosin protein in the human ejaculated sperm cells [24] , in formalin-fixed material, spermatids in the maturation phase were not stained by the acrosin antibody. Therefore, we have not attempted to further subdivide this part of spermatid development in steps.
Using sections from formalin-or otherwise fixed testis material, negative control experiments were carried out by omitting the primary antibody. Aspecific staining was never observed (Supplemental Fig. S2 ).
Characterization of Acrosome Development in Differently Fixed, Stained, and Embedded Material
We next asked whether the newly described 12 steps can also be observed using a more detailed morphological analysis performed on glutaraldehyde/OsO 4 -fixed, toluidine-stained semithin plastic sections without IHC for acrosin (Fig. 1B) . The acrosomic vesicles in step 2 to step 5 spermatids appear empty, but overall the morphological shaping of the acrosome looks similar to that observed in paraffin-embedded material. From step 6 to step 9 spermatids, the acrosomic vesicle becomes well evident and appears as a deeply stained rim on the nuclear membrane. As a progressive nuclear condensation takes place, from step 10 to step 12, the boundary between the acrosomal cap and the nucleus is no longer evident due to the strong staining of the nucleus. Therefore, from step 10 to step 
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12, spermatids were recognized on the basis of their nuclear size and shape (Fig. 1B) .
Bouin fluid is a widely used fixative for studying human testis biopsies. Therefore, we have also studied Bouin-fixed samples after IHC for acrosin (Supplemental Fig. S2 ). This procedure renders a better nuclear morphology, and also chromatin details are better preserved than in formalin-fixed samples. However, besides staining of the acrosome, in Bouinfixed tissue there is also cytoplasmic staining for acrosin that makes it more difficult but not impossible to distinguish epithelial stages. Furthermore, in late spermatocytes the Golgi vesicle stains positive for acrosin.
Besides the three fixatives described so far, we also performed IHC for acrosin in tissues fixed in Cleland fixative, modified Davidson fluid, or diluted Bouin fixative. A good staining was observed in all cases, allowing us to distinguish the 12 steps of acrosome development (data not shown).
Location of the Various Types of Germ Cells in the Epithelial Stages
The 12 newly described steps of spermatid development enabled us to subsequently presume that these steps could be used to subdivide the human seminiferous epithelial cycle into 12 stages and to locate the various germ cell types to these stages. To this end, we studied formalin-and Bouin-fixed paraffin sections and especially semithin sections of the glutaraldeyde/OsO 4 -fixed, epoxy resin-embedded material for cytological details of germ cells during meiotic entry and progression (Fig. 2) .
With respect to spermatogonial cell types, in the human, Apale (Ap), A-dark (Ad), and B spermatogonia have been described [25, 26] . Ad and Ap spermatogonia can be observed in all stages of the cycle. Ap, B spermatogonia, and preleptotene spermatocytes have been reported to be difficult to tell apart in all instances [25, 27] , and we also found it to be difficult to reliably distinguish Ap from B spermatogonia in the Bouin-and formalin-fixed tissue. In semithin sections, Ap are recognized having an oval nuclear profile and a faintly stained nucleus (Fig. 2a) , while Ad are easily identified when a central vacuole is present (Fig. 2b) . B spermatogonia can be clearly distinguished, in stages I-V, having round nuclei with a granular to filamentous chromatin, a couple of conspicuous nucleoli, and a well-visible nuclear membrane due to the heterochromatin attached to it (Fig. 2bc) . Aside from clear Ap and Ad spermatogonia, in stages IX-XII, cells can be seen resembling B spermatogonia but having a more oval nucleus, less clear nucleoli or showing no heterochromatin at the nuclear membrane (data not shown). These cells cannot be identified with any certainty on morphological characteristics.
Spermatocytes are always present, and two generations are observed from stage V, when preleptotenes appear, up to stage XII, when the oldest generation of spermatocytes carries out the meiotic divisions. Similar to B spermatogonia, preleptotene spermatocytes are still located on the basal lamina of the seminiferous tubules. However, while B spermatogonia show coarse and fine chromatin granules in their nuclei, preleptotene spermatocytes show a finely granulated nuclear chromatin that is uniformly distributed in the nucleus (Fig. 2d) . Preleptotene spermatocytes remain present until early stage VII. Meiotic prophase starts in stage VII, when the preleptotenes enter leptonema. Leptotene spermatocytes show a somewhat irregular nuclear outline because of the contracting chromosomes, and these cells no longer strictly adhere to the basal lamina. Furthermore, leptotene spermatocytes have a deeply stained fine filamentous chromatin, densely packed and distributed throughout the nucleus (Fig. 2e) . In stage XI, the early generation of spermatocytes enters zygonema. In our study, we 
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consider spermatocytes to have entered zygonema when threadlike pairing chromosomes are visible that typically show a ''bouquet'' arrangement in which they appear clustered together on one side of the nucleus (Fig. 2f) . In stage I, early pachytene spermatocytes are observed. In early pachynema, the spermatocyte nucleus enlarges, and chromosomes shorten and thicken. The nuclear envelope is no longer visible because of a lack of heterochromatin along the nuclear membrane (Fig. 2g) . During mid-pachynema, starting during stage V, the chromosomes of the spermatocytes appear as scattered and irregularly shaped coarse chromatin aggregates. The nuclear envelope becomes visible again, and the interchromosomal space as well   FIG. 3 . Each of the 12 stages of the cycle of the human seminiferous epithelium in formalin-fixed tissue. Spg, spermatogonium; L, leptotene spermatocytes; Z, zygotene spermatocytes; eP, early pachytene spermatocytes; mP, mid-pachytene spermatocytes; lP, late pachytene spermatocytes; D, diplotene spermatocytes; m, spermatocytes in meiotic division; rS, round spermatids; eS, elongating spermatids; mS, maturing spermatids; rb, residual bodies; Ser, Sertoli cells. Bar ¼ 20 lm.
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as a large round nucleolus are well evident (Fig. 2h) . The transition from mid-pachytene to late pachytene occurs in stage IX. In late pachytene, chromosomes appear more diffuse, and large patches of chromatin are separated by wider interchromosomal spaces (Fig. 2i) . In stage XI, diplotene spermatocytes appear. In diplotene spermatocytes, the contrast between chromatin patches and interchromosomal spaces is less evident, and the nucleus appears more distended (Fig. 2j) . Both meiotic divisions occur in stage XII (Fig. 2k) . Following the first meiotic division, secondary spermatocytes are formed. Secondary spermatocytes are larger than round spermatids and display multiple deeply stained chromatin masses (Fig. 2l) .
During spermiation, mature spermatids are released into the tubular lumen as spermatozoa. To define the timing of this key spermatogenetic event, the material was carefully analyzed, also using serial sections. Maturing spermatids, densely clustered to each other and apically located within the seminiferous epithelium, could be observed at stages IV-VI (Supplemental Fig. S2 ). Round spermatids in step 6. The acrosomal cap now follows the form of the nucleus but does not cover more than one-third of its circumference. Elongated spermatids move toward the tubule lumen, and spermiation starts at about the transition from stage VI to VII. MUCIACCIA ET AL.
Studying human material, one has to cope with the problem that round and elongating spermatids, during handling of the tissue, often slough off into the lumen. However, studying many sections we regularly find elongated spermatids up to late stage VI and rarely in stage VII. Therefore, we conclude that spermiation occurs around the transition from stage VI to stage VII.
Description of the 12 Epithelial Stages of the Human Seminiferous Cycle
On the basis of the newly identified steps of acrosome development and relevant number of observations performed, the 12 germ cell associations of the cycle of the human seminiferous epithelium were characterized. Figure 3 shows the morphological outlook of the cell associations that form the epithelial stages in paraffin-embedded formalin-fixed human testis samples. Photographs of the 12 cell associations as they appear after Bouin fixation can be found in Supplemental Figure S3 .
The complete picture of human spermatogenic cell associations during the epithelial cycle has been summarized in Table  1 and Figure 4 . In addition, in Supplemental Figure S4 an example is given of how a tubule cross section can be divided into stages using acrosomal development or the presence of meiotic divisions as guidance.
Frequency of the Stages of the Human Seminiferous Epithelium
Next we determined the frequency of the newly described germ cell associations in seven human samples (Fig. 5) . Furthermore, using the estimated duration of the seminiferous (26), we calculated the duration of each stage (Table 2 ). Stage XII had the shortest duration of about 19 h, compared to stages IV, VI, VII, and VIII, which took the longest time of about 39 h.
DISCUSSION
The present study has properly answered the request by Amann [17] for a new subdivision of the human cycle of the seminiferous epithelium. Identifying steps in acrosome development, we have chosen to characterize 12 stages as has already been done for many other mammals, including monkeys and mice. The resulting new subdivision of the human epithelial cycle will greatly facilitate a comparison between findings on human spermatogenesis with those in laboratory animals and help to increase our understanding of human spermatogenesis.
Our stage identification approach, similar to that using PAS staining of the acrosome, is based on the characterization of the first 12 steps of spermatid development, with special regard to changes in shape and size of the acrosome made visible by immunohistochemical detection of the acrosin protein. Acrosin is a digestive enzyme present in the acrosome of spermatozoa that is released as a consequence of the acrosome reaction, and it aids in the penetration of the zona pellucida [28] . The detection of acrosin can be carried out on paraffin sections of formalin, Bouin fixative, diluted Bouin fixative, Cleland fixative, and modified Davidson fixed tissue. In addition, the stages can be distinguished in glutaraldehyde/OsO 4 fixed, plastic-embedded tissue sections without the use of IHC. As our stage identification is also based on acrosome developmental steps, the steps characterized are very similar to those identified by PAS staining. Furthermore, it is important to note that the various stages identified do not differ more than about a factor of two in duration, allowing detailed studies of germ cell development throughout the cycle. We did not find clear differences between stage frequencies in donors of young and old ages (30 yr or younger and 45 yr and older). Differences may become evident when more samples of the two age-groups become available but will likely not be large.
A description of human cellular associations was previously reported by Clermont (1963) using the morphological changes of the spermatid's nucleus after staining with hematoxylineosin [16] . This approach does not allow a detailed identification of the steps of spermiogenesis since during the initial steps, the spermatid nucleus does not change size or shape. As a consequence, each of the six stages described by Clermont may correspond to more than one of the stages identified by us. This becomes clear when one compares our 12-stage spermatogenic cycle with the six-stage cycle of Clermont (Fig. 6) . Interestingly, stage VI in the Clermont classification takes exactly the same time as stage XII in our classification. Indeed, this was to be expected because these stages are characterized by the presence of meiotic divisions and secondary spermatocytes, and these cells are equally visible in hematoxylin/eosin-stained sections and after IHC for acrosin.
While our new stage identification will stimulate studies on human spermatogenesis, one has to keep in mind that such studies will never be really easy. First, the human seminiferous epithelium is particularly vulnerable to pressure applied during handling of the tissue. In this respect we were fortunate to have access to fresh testis samples from healthy donors. Nevertheless, even in our best-preserved samples, particularly in the proximity of the cut surface and tissue borders, there were tubules in which the epithelium had become disorganized because of sloughing off of germ cells into the tubule lumen, especially spermatids and even spermatocytes. Second, a stage in human spermatogenesis encompasses only a relatively small area of tubule basal lamina, as opposed to a whole tubule cross section in most other mammals. Clearly, the total size of the clone(s) of human spermatids being at the same step of development is small, and sometimes only few cells of such a group of spermatids will be in the section studied. Therefore, we had to apply a minimum of six of these cells to allow a proper stage identification. However, despite all this, enough normal tubules remain to successfully study human spermatogenesis.
We also localized key spermatogenic events to the stages of the epithelium, and it is interesting to compare the results with those in other mammals of which the epithelial cycle was subdivided in 12 stages, especially monkeys. To our knowledge, at present a cycle subdivided in 12 stages, based on PAS staining of the acrosome, has been described for four MUCIACCIA ET AL.
monkey species: Macaca rhesus [12] , Cercopithecus aethiops [10] , Macaca arctoides [11] , and Macaca fascicularis [29] . Interestingly, the organization of spermatogenesis in terms of cell types present in the various epithelial stages in primates seems rather similar. In these monkeys, similar to in the human, B spermatogonia give rise to preleptotene spermatocytes in stage V that enter meiotic prophase in stage VII, and spermiation of the mature spermatids takes place at the end of stage VI. It will be interesting to see whether this pattern is also present in other primates. The multistage tubules in the human are found in other primates too. This phenomenon has been found not to be related to phylogeny and the efficiency of sperm production but may merely be due to differences in clonal size of spermatogonia among primates [30] . In a number of nonprimate mammals, the epithelial cycle was also subdivided in 12 stages based on acrosome development-mouse [3] [4] [5] 7] , Chinese hamster [8] , Djungarian hamster [31] , ram [9, 13] , and the rat-taking into account that the extra two stages in this animal represent only a subdivision of stages in the last part of the epithelial cycle [15] . In these animals there is variation in the cell types present in the various stages. In mouse and rat, preleptotenes are formed in stage VI, leptotene starts in stage VIII, and spermiation occurs in stage VIII. In Chinese and Djungarian hamster, preleptotenes are formed in stage VII, leptonema starts in stage IX, and spermiation takes place in stage IX. Clearly, comparisons between human spermatogenesis and that in nonprimate mammals will have to be done with care. It will be interesting to study the underlying cause of the differences between these groups of mammals.
It appeared difficult to discern human spermatogonial cell types from each other. B spermatogonia and preleptotene spermatocytes are difficult to tell apart, and the difference between B and Ap spermatogonia is not always evident. We have not been able to reliably make the morphological distinction in formalin-and Bouin-fixed testes. Moreover, there are many cells that have a morphology in between Ap and Ad spermatogonia. However, we were able to recognize Ap, Ad, B spermatogonia, and preleptotene spermatocytes in semithin sections of glutaraldehyde/OsO 4 -fixed epon-embedded tissue. Many authors have mentioned the problem of distinguishing spermatogonial cell types in the human and monkey seminiferous epithelium [27, 32, 33] . In addition, the specific role of Ap and Ad spermatogonia and the scheme of spermatogonial multiplication, certainly in the human but also in other primates, is far from clear yet. Our more extensive stage classification in the human will be of use to answer these questions.
Our new classification of the human spermatogenesis cycle will be of value in andrology, allowing to study spermatogenesis impairments, such as germ cell maturation arrests or defects, with a more focused approach. In addition, it will make possible an accurate timing of molecular events involved in the regulation of germ cell differentiation. Importantly, comparisons can now be made between findings in the human and in laboratory animals in a much more ''apple to apple'' way than possible before.
